2
Embden-Meyerhof glycolytic pathway (2 ATP per glucose). Two thiamine diphosphate (ThDP)-dependent enzymes, transketolase (TK) and phosphoketolase (PK), catalyze key steps of the bifid shunt (Fig. 1) . The structure and mechanism of TK has been extensively studied (3, 4) . However, the three-dimensional structure and reaction mechanism of PK has long been enigmatic, although PK was discovered in 1958 (8, 9) . ThDP-dependent enzymes are divided into four families based on their primary and tertiary structures (10) . Three out of the four families catalyze oxidative decarboxylation reactions to produce biologically essential metabolites such as acetyl-CoA (9, 11, 12) . Acetyl-P-producing pyruvate oxidase (POX), which belongs to one of the oxidative decarboxylation-catalyzing families, cleaves pyruvate in the presence of inorganic phosphate (Pi) and O 2 to produce acetyl phosphate (acetyl-P), CO 2 , and H 2 O 2 ( Recently, kinetic analysis of PK-2 from
Lactobacillus plantarum, belonging to the XPK group, revealed that the reaction follows a ping-pong bi-bi mechanism, leading to the proposal that the first-half of the reaction by PK proceeds through the same mechanism as TK, and forms an α,β-dihydroxyethyl ThDP (DHEThDP) intermediate ( Fig. 2) and Photon Factory (Tsukuba, Japan).
Diffraction data were processed using HKL2000
(25). Initial phases were calculated using SnB (26) and Solve/Resolve (27). Initial model building was performed using Arp/wARP (28).
Manual model rebuilding and refinement was achieved using Coot (29) and REFMAC5 (30).
Parameters for refinement were generated by the PRODRG server (31). Details of data collection and refinement statistics are given in Table 1 and Supplementary (Fig. 6) . To verify the importance of these residues in substrate recognition and catalysis, we constructed mutants of residues located in this site (His64, His142, His320, Gln321, Ser440, His548, Asn549, and His553) ( Table 2 ). The His residues near the sugar-derived hydroxyl groups (His64, His142, His320, and His553) are completely conserved, and mutation of these residues significantly impaired the activity (discussed later). In EcTK, Arg358, Arg520, His461, and Ser385 recognize the distal phosphate group of F6P. In the X5P-ThDP adduct, the phosphate is slightly displaced, and the hydrogen bonds with Arg358 and Arg520 disappear. In the BbXFPK structure, only Ser440 is conserved, but additional residues (His548, Gln321, and Asn549) appear to strengthen the interactions. Mutation of these residues also significantly impaired the activity (Table 2) . We expected the presence of a distinct residue conservation pattern between the XPK and XFPK groups around this region.
However, the directly interacting residues are completely conserved ( Supplementary Fig. 1A (Fig. 5A ). These His residues (His64, His142, His320, and His553) are completely conserved in all PKs (Supplementary Fig. 2 ).
Mutations of these residues completely abolished the activity except in H142A and H142N (Table 2) . We also performed crystallographic analysis of H64A, H142A, H320A, and H553A mutants, because the tetrahedral F6P-ThDP or DHEThDP intermediates were expected to be trapped in the B 1 and B 2 catalyst mutants, respectively (Fig. 2) .
The electron density maps of the data collected from crystals of these mutants soaked in 27 mM F6P for 5 min are shown in Fig. 4E and Supplementary Fig. 4 . As summarized in (Fig. 6 ). In the case of ScTK, the His553 counterpart (His481) is thought to stabilize the transition state of the step catalyzed by B 1 (38) .
Another candidate for the B 2 catalyst is His97 (Fig. 5A ). His97 is located at a relatively distant position from the Cβ hydroxyl group of DHEThDP (4.2 Å) but sufficiently close to the water molecule near AcThDP. As shown in Table 2 , H97A and H97N mutants showed no catalytic activity. We tried to determine their structures in the presence of F6P but failed due to poor reproducibility of crystallization. This may be because this residue is also involved in fixation of the diphosphate moiety of ThDP (Fig.   5 ). His320, Gln321, Tyr501, and Asn549 (Fig. 7A) .
Structure of a tricyclic ring form of
Mutations of these residues dramatically decreased the activity (Table 2 O4···Cα-O2 angle is 115° (Fig. 7A ). This spatial configuration is within the limits of the Bürgi-Dunitz trajectory (41) , suggesting that the nucleophilic attack by the acceptor substrate (Pi) occurs on the keto form and not on the enol form (Fig. 2) . In contrast, the nucleophilic attack in TK is reversely performed by the α-carbanion
DHEThDP on the acceptor substrate (aldose in this case).
This part of the reaction of BbXFPK is analogous to that of acetyl-P-producing POX, which also produces acetyl-P after nucleophilic attack by Pi (9, 34, 42) . However, the reaction of POX is distinct from that of PK because the nucleophilic attack occurs on the radical state of Bioscience (PROBRAIN) in Japan. The water molecules near the covalent adducts are shown as spheres. 
